Abstract: Dumbbell oligonucleotides with loops of various chemistry were synthesized. Incubation of dumbbell oligonucleotides containing phosphorothioate bonds or trimethylene phosphate linkages in loops with S1 nuclease did not result in significant cleavage under conditions which led to the degradation of dumbbell oligonucleotide containing phophodiester bonds in the loops. The binding of reverse transcriptase of Moloney Murine Leukemia Virus (MoMuLV) was evaluated with all the five oligonucleotides. The protein binds to all the dumbbell oligonucleotides with similar affinity. The dissociation constants evaluated using PAGE band mobility shift assays were of the order of 10 -7
Introduction
Reverse transcriptase is a key enzyme for the life -cycle of retroviruses. It bears an RNAand DNA -dependent polymerase activity responsible for first strand and second strand DNA synthesis from the retroviral RNA genome. In addition, retroviral reverse transcriptase also possesses a ribonuclease H activity, an enzyme which cleaves the RNA strand of RNA-DNA hetroduplex. The retroviral RNase H; i) degrades the RNA template following first strand synthesis, ii) generates primers for second strand synthesis and iii) eliminates the t-RNA primer These various steps are absolute prerequisites to the integration of the viral genetic information into the host cell genome. Therefore any ligand able to block the RNase H activity would prevent the development of retroviruses. Up to now a very limited number of molecules were shown to display RNase H inhibitory properties 2, 3 .
Synthetic oligonucleotides, either conventional or chemically -modified, are widely used to block gene expression 4 . Antisense oligonucleotides were shown to prevent translation, splicing and reverse transcription [5] [6] [7] . Ribozymes have been designated that could cleave the viral RNA 8 . Triplex -forming oligomers have also been used in vitro to target polypurine sequence either the RNA or the DNA level 9, 10 Oligonucleotides sequence able to compete with the natural t-RNA primer and which could not be lengthened by the polymerase were demonstrated to block reverse transcription 11 . Oligonucleotide destroys which mimick the primer have derived from the primer t-RNA either as phosphorothioates or phosphorodithioates 12 . Alternatively, oligonucleotide sequences (aptamers) extracted by in vitro selection procedures from a random library displayed inhibitory properties of reverse transcriptase activities 12 through binding to the protein. The decoy (or sense or dumbbell oligonucleotide) approach represents an alternative use of synthetic oligonucleotides in a rational protein-targeting concept. In this case, oligonucleotides carrying the recognition sites for specific DNA-or RNA-binding proteins (e.g., regulatory proteins, repair or replication enzymes), are used as competitive inhibitors to titrate their targets, and thus, to inhibit their normal functions (for example, DNA replication, activation of gene transcription etc.).
The efficiency of the decoy competition approach has also been demonstrated in several cellular models. The expression of a CAT reporter gene driven by the MBP gene promoter in glial cells was inhibited by the co-transfection of decoy phosphodiester oligonucleotides containing the MB1 binding site 22 . Other examples of decoy inhibition of CAT expression driven by different promoters in transiently transfected cells are the use of NF-kB or Oct-1 phosphorothioate decoys in B cells transformed by Epstein-Barr virus 23 , HNF-1 phosphodiester decoys in the C33 human epithelial tumor cell line 24 and NF-kB., a b -anomeric decoys in HeLa cells 25 . Decoy oligonucleotides have also been used to assess or confirm the cellular role of a given transcription factor. For example, microinjection of CRE or AP-1 decoy oligonucleotides in 3T3 or human Hs68 fibroblasts blocked the cell cycle normally induced by both regulatory proteins 26 . Also, NF-kB decoy phosphorothioate oligonucleotides inhibited PMA-induced changes in the expression of cell adhesion molecules in HL60 and HUVEC cells 27 . The functional role of PU.1 in hematopoietic cell development was similarly demonstrated by the use of phosphorothioate PU.1 decoys in CD34+ cells 28 . Recently, the ability of decoy oligonucleotides to block gene expression in vivo has been demonstrated. E2F decoy oligonucleotides able to modulate the expression of E2F-dependent genes were shown to inhibit smooth muscle proliferation and vascular lesion formation in an in vivo model of rat carotid injury 29 . The double-strand decoy DNA oligomers have been used for the inhibition of gene expression [30] [31] [32] [33] [34] [35] [36] . Recently the interaction of human DNA topoisomerase I (topo 1) with certain specific sequence dumbbell-shaped circular oligonucleotides has been reported and has been demonstrated that this particularly designed oligonucleotide displays an IC 50 value of 9 nM in its inhibition on the activity of human topoisomerase I, a magnitude smaller than that of camptothecin, an anticancer drug currently in clinical use 37 . Sequence-independent inhibition of RNA transcription by DNA dumbbells and other decoys has also been reported 38 .
In order to ensure that decoys will be potent drugs, the oligonucleotide-target interaction must have high affinity and specificity and the oligonucleotides must be stable in the biological environment. Phosphodiester oligonucleotides are natural candidates for biological applications both in terms of affinity and specificity, with the additional advantage of being devoid of intrinsic cytotoxicity. However, in vivo use of oligonucleotides is severely hampered by their sensitivity to nuclease degradation. This is particularly important for single stranded oligonucleotides since both in cells and in serum, they are rapidly degraded mostly by means of a 3' exonuclease activity. On the other hand, replacement of phosphodiester linkages by analogs that increase oligonucleotide stability, such as methylphosphonates or phosphorothioates, may result in a significant loss of affinity or specificity. One advantage of the decoy approach, compared to antisense or antigene strategies, is that double-stranded oligonucleotides are considerably more stable than single stranded molecules 39 . Phosphodiester double-stranded oligonucleotides may be further stabilized by designing hairpin or dumbbell-shaped structures. Dumbbell molecules are circular oligonucleotides in which the complementary strands are connected by linker loops at both ends. The hairpin and dumbbell structures provide increased stability towards nuclease degradation when compared to unlinked double-stranded oligonucleotides, while displaying comparable affinities for target binding. Tenofovir disoproxil fumarate (Gilead) is a nucleotide analogue reverse transcriptase inhibitor used as as HIV-1 drug. In vitro tenofovir IC 50 was in the range of 0.04 -8.5 µM. The anti HIV-1 drugs used so far have shown various side effects. Patients who are taking anti-HIV drugs have suffered these drug toxicities for a long time. Dosages and combinations of drugs can be chosen so they don't kill the person, but they still can't be used at their most effective concentrations against HIV.
Thus, in order to develop more effective drug for retro virus infection we have investigated binding of dumbbell oligonucleotides to MoMuLV Reverse Transcriptase and inhibitory properties of RNase H activity with dumbbell oligonucleotides containing loops of various chemistry. Althoug the catalytic activity of RNase H is restricted to RNA-DNA hybrids but enzymes can bind to different duplexes including DNA-DNA ones. As circular oligonuceotides display significant nuclease resistance 14 they should be considered as good candidates to design RNase H inhibitors. We report here data on the design of circular (dumbbell) oligonucleotides that aimed at inhibiting RNase H activity. Our studies showed that dumbbell oligonucleotide containing phosphorthioate bonds in the loops displays an IC 50 of 18 nM in its inhibition on the reverse transcriptase RNase H activity, a magnitude lower than that of first nucleotide reverse transcriptase of HIV-1, tenofovir, introduced by Gilead Science in the market.
Experimental
Moloney Murine Leukemia Virus (MoMuLV) reverse transcriptase (RT) was purchased from Gibco -BRL. The concentration of protein, determined from its specific activity provided by the supplier, was 7.6 pmol/uL. The oligonucleotides (Table 1) were synthesized on Millipore Expedite synthesizer by standard phosphoramidite chemistry. In oligonucleotides OL-3 and OL-4 using the phosphoramidite "1" (Scheme 1) two and three trimethylene , C 3 moieties were added in each loop respectively ( Scheme 1). A phosphate group was introduced at the 5'-end by 2 (2'(4,4'-dimethoxytrityloxy )ethylsulfonyl ) ethyl -(2-cyanoethyl)-N,N'-diisoproyl phosphoramidite. The phosphorothioate part of the chimeric oligonucleotide OL-5 was synthesized by oxidizing phosphite diester bond to phosphorothioate by Beaucage reagent 15 .
Synthesis of dumbbell oligonucleotides
The oligonucleotides were purified by electrophoresis on 20% polyacryamide gel containing 7 M urea. The upper bands corresponding to the longest oligomer, visualized by UVshadowing were cut out. The gel pieces were socked in water: methanol (80:20 v/v) mixture overnight and volume was reduced to 100 µL. Finally, the oligonucleotides were desalted on a Sephadex G 50 Column. The oligonucleotides (OL-2 to OL-5) were internally labeled with 32 P by exchange of 5'-phosphoryl group as described 16 . The spacers used for the synthesis of oligonucleotides are shown in Scheme 1. The cyclization of the oligonucleotides (OL-2 to Ol-5) was carried out as described elsewhere 17 . To the purified oligonucleotide (40 pmole) taken in tris buffer (10 mM) was added to 4 µL of 500 m M NiCl 2 , 24 µL 1 M imidazole /HCl pH 7.0 and 4 µL of 250 mM BrCN. After 24 h, 4 µL more BrCN solution was added and allowed to react further for 20 h. The volume of mixture was made up to 100 µL with water and the oligonucleotides were precipitated after addition of 200 µL of dioxane and 600 µL of THF. The oligonucleotides thus obtained were purified by running a 20% PAGE-7 M urea and finally desalted by passing through a Sephadex G-50 column.
S. No Spacer Structure of Spacer 1 Phosphoramidite "1" 
Treatment with nuclease S1
Reaction mixtures contained 10 mM of radioactive labeled dumbbell oligonucleotide (105 cpm/mg), 50 mM NaCl, 33 mM sodium acetate pH 4.4, 30 mM ZnS0 4 and 1 unit of S 1 nuclease in a final volume of 25 mL. After incubation at 37 °C for 20 min, the reaction was stopped by adding 20 mM EDTA, 0.3 M sodium acetate and 20 mg glycogen; oligonucleotides were then precipitated with ethanol. After washing and drying, the DNA pellets were resuspended in 10 mL of formamide loading buffer and reaction products were analyzed by analytical 20% polyacrylamide gel containing 7 M urea.
PAGE band mobility shift assays
Polyacrylamide gel electrophoresis band mobility shift assays were carried out as described earlier 18 . Complex formation between the oligonucleotide and MoMuLV RT was characterization by electrophoretic retardation of DNA as a result of its association with the enzyme. Oligonucleotide (2 pmol) and the indicated amount of enzyme were incubated for 10 minutes at 37 o C in 10 mM KCl (final volume, 10 µL). The enzyme oligonucleotides
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Oligonucleotides, nM RNaseH inhibition, % mixtures were electrophoresed through a 5% non -denaturing polyacrylamide gel in 1 X TBE at 4 o C under 10 V/cm for 2-3 h. After electrophoresis the gel was dried and subjected to autoradiography. Finally, the formation of complex between the RT and the labeled oligonucleotide was quantified by measuring radioactivity in cut bands of the gel. The binding constant Ka was evaluated from the MoMuLV RT concentration at which 50% of the oligonucleotide was converted into oligonucleotide/RT complex: Ka = {MoMuLV RT}50-1/2 (ODN)o} -1 . Where (OND)o is initial oligonucleotide concentration and (MoMuLV RT )50 is the enzyme concentration inducing 50% band shift ( Figure 1) . 
Inhibition of RNase H activity of MoMuLV reverse transcriptase
Synthesis of 3 H -UTP-labeled RNA: RNA-DNA hybrid required for RNase H activity inhibition assay was prepared as described elsewhere 19 . The specific activity of the hybrid was about 400 cpm/pmol. The assay mixture containing the oligonucleotide (40 to 200 nM), the enzyme (22.5 nM), the hybrid (48 pmoles) in 0.3 M tris -HCl, at pH 7.8, 0.014 M mercaptoethanol , 0.1 M Mg Cl 2 and 0.3 M (NH 4 ) 2 SO 4 was incubated for 10 min at 37 0 , chilled on ice. Then, 25 µL t-RNA (12 mg /mL) were added, prior to precipitation by 250 uL 8% TCA solution. The mixture was kept on ice for 10 min then centrifuged for 10 min at 4 0 C. The supernatant was kept with 5 mL of scintillation fluid and counted in Beckman beta scintillation counter. After subtraction of the blank value (about 100 cpm) from an assay without enzyme and oligonucleotide, the percentage inhibition was determined from TCA -precipitable material. Finally percentage Rnase H inhibitions were plotted against oligonucleotides concentration (Figure 2) . 
Results and Discussion
Oligonucleotides synthesized as potential inhibitors of reverse transcriptase RNase H displayed a double -stranded portion, 12 base pair of long of random sequence (Table 1) . In order to ensure a higher stability of duplex , the two strands were linked to each other, thus generating so called dumbbell oligonucleotides which have been previously used as decoys to titrate out transcription factors 14, [22] [23] [24] [25] [26] [27] [28] [29] 36 and topoisomerase 37 . The dumbbell OL-2 was prepared with two loops made of 5 T containing phosphodiester bonds. However, even though 3'-exonucleases are the most abundant DNase in biological media 20 , OL-2 will still is degraded by endonucleases. Indeed, incubation of OL-2 with S1 nuclease generated breakdown products as seen by electrophoretic analysis on a denaturing polyacrylamide gel. Therefore we prepared dumbbell with nuclease resistant loops .This was achieved in two different ways: in OL-5 the 5 T connections were introduced as phosphorothioate analogs whereas OL-3 and OL-4 contain trimethylene phosphates (C3) segments. In this latter case two different loop sizes were used: OL-3 and OL-4 have two and three C3 motifs, respectively.
We then monitored the binding of MoMuLV reverse transcriptase to the various oligonucleotides using electrophoretic mobility shift assay under the conditions described in in the experimental section. The addition of RT to 32 P 5' end labeled oligomers resulted in the appearance of slow migrating species corresponding to protein-oligonucleotide complexes. The oligonucleotide amount in free and bound forms was determined by scintillation counting as described in the experimental section. Figure 1 shows that all five oligonucleotides bind to the protein with similar affinities. The dissociation constant, evaluated from the titration curves fall in the micro molar range ( Table 1) . The oligomer OL-3 shows a significantly lower affinity than either OL-2 or OL-4, this is likely related to the size of the connecting loop: the link might be too short and introduce constraints in the closed oligomer, altering the double stranded ness character of dumbbell and consequently, its binding to the reverse transcriptase. We next compared the inhibitory properties of dumbbell oligonucleotides to the RNase H activity of reverse transcriptase. As shown in Figure 2 , substantial differences were observed. Trimethylene bridge -containing derivatives OL-3 or OL-4 were poor inhibitor whereas the 5T-loop dumbbells blocked RNaseH, the phosphorothioate derivative being far the most efficient Therefore, the inhibitory properties were not related to the affinity of the oligomer for the reverse transcriptase. The inhibition was mainly related to the loop chemistry. This suggests either a direct interaction of the loop with the catalytic site or a conformation change of the enzyme induced upon binding. We favor the first hypothesis as indeed phosphorothioate have been shown to inhibit RNase H activity 21 . Our studies showed that dumbbell oligonucleotide containing phosphorthioate bonds in the loops displays an IC 50 of 18 nM in its inhibition on the reverse transcriptase RNase H activity, a magnitude lower than that of first nucleotide reverse transcriptase of HIV-1, tenofovir, introduced by Gilead Science in the market. Therefore, this investigation suggests that dumbbell oligonucleotide containing phosphorothioate linkages can be used as RNase H inhibitor and might be useful to interfere with retroviral cDNA synthesis.
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